Creatine is a nitrogenous compound naturally occurring in animal tissues and is obtained from dietary animal protein or de novo synthesis from guanidinoacetic acid (GAA). The dietary supply of this semi-essential nutrient could be adversely compromised when feeding purely vegetable-based diets. The objective of this experiment was to evaluate the effects of GAA supplementation in broilers fed corn-based diets with or without the inclusion of poultry by-products (PBP) on live performance, carcass and cut up yields, meat quality, pectoral muscle myopathies, differential blood count, blood clinical chemistry, serum GAA and its metabolites. The treatments consisted of PBP inclusion in the diets at 0 and 5%, with or without GAA supplementation (0 or 0.06%). A total of 1,280 one-d-old male Ross 708 broiler chicks were randomly placed in 64 floor pens with 16 replicates per treatment combination. At 0, 14, 35, 48, and 55 d, pen BW and feed intake were recorded. BW gain and FCR were calculated at the end of each phase. Individual BW was obtained at 55 d and one broiler per pen was selected for blood collection. Additionally, four broilers per pen were selected (including the chicken for blood collection) for processing. Data were analyzed as a randomized complete block design in a 2 × 2 factorial arrangement with PBP and GAA supplementation as main effects. An improvement (P < 0.05) on FCR of 0.019 (g:g) was detected at 55 d due to GAA supplementation. The probability of having breast meat with low severity of wooden breast (score 2) was increased (P < 0.05) by GAA inclusion in diets without PBP. An interaction effect (P < 0.05) was detected on GAA concentration in blood. The supplementation with GAA and PBP inclusion resulted in higher (P < 0.05) GAA serum concentration. Generally, meat quality parameters were not affected by GAA. In conclusion, GAA supplementation improved FCR regardless of dietary PBP and reduced wooden breast severity by increasing score 2 in diets without PBP.
INTRODUCTION
Guanidinoacetic acid (GAA) is a compound synthesized in the avian kidney and liver (Dilger et al., 2013) . The GAA is a precursor of creatine considered to be a more stable molecule compared to creatine (Baker, 2009) . Creatine is an important component C 2018 Poultry Science Association Inc. Received November 13, 2017. Accepted March 9, 2018. Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by North Carolina State University.
1 Corresponding author: edgar oviedo@ncsu.edu of the energy delivery process in several tissues, particularly those characterized by a high and/or fluctuating energy demand (Harris et al., 1997) . In its phosphorylated form, phosphocreatine, creatine is directly involved in maintaining low adenosine diphosphate concentrations at sites of energy utilization, and in the transfer of high energy phosphate from mitochondria. The highest concentrations of creatine are found in skeletal muscle, which accounts for 95 per cent of the total body pool (Harris et al., 1997) . In general, about 1.7% of the creatine and phospho-creatine pool is irreversibly converted to creatinine each day and excreted in the urine (Wyss and Kaddurah-Daouk, 2000) . Consequently, creatine must be continually replaced . The demand for creatine or its precursors may be supplied either directly from animal protein in the diet or by endogenous synthesis (Wyss and Kaddurah-Daouk, 2000) . Creatine is produced naturally in the body from GAA, which in turn is synthesized from the amino acids arginine and glycine (Wyss and Kaddurah-Daouk, 2000) . These amino acids are highly involved in muscle metabolism . The marked growth-promoting effect of creatine may be most simply explained on an arginine-sparing basis (Dilger et al. 2013; DeGroot, 2014) . Arginine and glycine are normally found in higher concentrations in feedstuffs such as animal by-products meal than in corn and soybean meal (Baker, 2009; Li et al., 2011) . Poultry by-product meal (PBP) is still one of the most important sources of animal protein in animal feed (Bhargava and O'Neil, 1975; Meeker and Hamilton, 2006) . Following the ban for the use of meat and bone meal in feed in 2001 (European Community, 2000 , some European poultry producers observed a certain drop in performance (Costrel et al., 2009 ). This could have been partially caused by insufficient supply of creatine or its precursors Arg and Gly which are supposed to be present in animal derived proteins but absent in vegetable-based feed ingredients . Approximately 90% of diets for poultry in the U.S. are comprised by corn and soybean meal (Baker, 2009) . Vegetable protein sources have been reported (Gabor et al., 1984; Khan and Cowen, 1977) to have limited (< 0.01 mg/g) or no creatine content. However, animal by-products ingredient may have higher amounts of this nutrient depending on the type of manufacturing and quality (Harris et al., 1997; Dobenecker and Braun, 2015) . In general, poultry by-products may contain low levels of creatine (Dobenecker and Braun, 2015) , but 3.25 times more Gly and 32% more Arg than soybean meal (AminoDat 5.0). Consequently, broilers fed vegetable-based diets without animal by-products may face the possibility of lower supply of Arg and Gly for creatine endogenous production affecting muscle development. According to Petracci et al. (2015) , novel pectoral myopathies, such as white striping (WS) and wooden breast (WB) are characterized by a reduced supply of oxygen and nutrients to muscle cell. In addition, this could also be associated with the inadequate elimination of metabolic intermediate products, leading to a membrane dysfunction and increased plasma concentration of enzymes such as creatine kinase (CK) and lactate dehydrogenase (LDH) (Mitchell, 1999; Sandercock and Mitchell, 2003; MacRae et al., 2006) . Several management and nutritional solutions have been proposed to minimize and solve these myopathies and meat quality abnormalities. Among these strategies, the reduction of growth rate by using feed restriction programs, reduction of amino acids, lowering the energy value of the diets (Kuttappan et al., 2012a; Trocino et al., 2015; Radaelli et al., 2017) , and higher dietary vitamin E and selenium (Guetchom et al., 2012; Kuttappan et al., 2012b) had been tested showing some benefits, improving meat quality and reducing occurrence of myopathies. However, the reduction of growth rate could depress productivity in broiler operations.
Based on mice trials, it has been proposed that creatine may have a protective effect on certain neuromuscular (Tarnopolsky, 2007; Chung et al., 2007) , and neuro-degenerative (Bender et al., 2006; Kolling and Wyse, 2010; Beal, 2011) diseases, and it also may reverse muscular dystrophy (Nabuurs et al., 2013) . These results may be due to the capacity of creatine to prevent the inhibition of energy metabolism and lipid peroxidation. Therefore, our study evaluated a possible beneficial effect of GAA supplementation on pectoral myopathies without reducing the genetic potential for growth of broilers.
Creatine production is a very important muscle metabolite and the introduction of an additive like GAA for creatine synthesis may influence blood markers related to broiler health and energy utilization and metabolism. Available published data regarding blood chemistry to assess metabolic status of heavy broilers fed PBP, and GAA, and compared with purely vegetable-based diets have not been reported so far.
In the U.S., 47.5% of broilers are grown for more than 56 d (Agristats, 2016) , therefore the present experiment focused on metabolites and breast meat quality parameters in heavy broilers of eight wk of age. Previous studies showed that GAA supplementation lowered breast meat pH, affecting the water holding capacity and improving the meat tenderness. Kuttappan et al. (2017) reported that WB and WS pectoral myopathies are highly correlated with meat quality parameters such us higher ultimate pH (>6.04), and drip loss. Considering that it has been reported that dietary GAA supplementation slightly affected ultimate pH in diets without fish meal (Michiels et al., 2012) , there could be a possible beneficial effect on the occurrence of pectoral myopathies.
Previous experiments regarding GAA supplementation did not evaluate the effects of dietary GAA inclusion on pectoral myopathies. Consequently, the objective of this study was to evaluate the effects of GAA supplementation on live performance, meat quality, metabolite serum concentrations, blood hematological profile and chemistry, and pectoral myopathies severity in heavy broilers fed corn-soybean meal based diets with or without PBP.
MATERIALS AND METHODS

Treatments and Birds Husbandry
All the procedures involving the birds used in the present experiment were approved by the North Carolina State University Institutional Animal Care and Use Committee. Four dietary treatments from a 2 × 2 factorial arrangement with PBP and GAA as main effects were considered. Diets contained two levels of poultry by-products (0 vs. 5%), and two levels of GAA (0 and 0.06%). The study herein was conducted in an open-sided house with clear curtains and negative pressure ventilation. A total of 1,280 Ross-708-d-old male chicks were randomly placed in 64 floor pens (3.81 × 1.19 m) 16 pens per treatment and 20 chicks per pen (4.42 broilers/m 2 at placement) for a final stocking density of 23.2 kg/m 2 at 55d of age. Used litter was employed as bedding in the pens and broilers were exposed to continuous light on a 23L:1D (30 lux light intensity) program during the first seven d of age. Day length was then gradually reduced to 17L:7D (10 lux) up to 28 d of age. From 28 d until the end of the experiment, light program was maintained at 17L:7D with an intensity of 5 lux. At this age, natural daylight length lasted from 6:30 am to 5:30 pm, and supplemental light was offered from 5:30 pm to 9:00 pm. Brooding house temperature was set at 33.6
• C at placement and gradually reduced until 20.6
• C at 21 d and kept until d 56 to guarantee chicken environmental comfort.
Diets
Dietary treatments were obtained from two basal diets to ensure similar nutrient content among treatments in all experimental phases. Basal feeds consisted in corn-soybean meal based diets with or without the inclusion of PBP (0 vs. 5%). Subsequently, GAA was supplemented either 0 or 600 g of GAA per ton of feed (recommended dose, European Commission) in the form of CreAMINO R (Evonik Nutrition & Care Gmbh, Hanau, Germany) according to the corresponding treatment ( Table 1 ). Diets that did not contain GAA had 600 g of sand per ton of feed. All dietary treatments were formulated to be isoenergetic, isonitrogenous, and mixed to represent typical U.S. broiler industry practices (AgriStats, 2016) . Formulated digestible amino acid levels were based on AminoDat R 5.0 (2015) recommendations (Table 2) . Macro ingredients (corn, soybean meal, and distilled dried grain with solubles) were analyzed for total amino acid and ME content prior to diet formulation. Digestible amino acid content was calculated from the total amino acid content obtained from lab analyses and using • C in the conditioner was used for 30 seconds. The steam pressure was 32 psi (221 kPa), and the pellet die was 11/64 x 1 3/8 (4.4 × 34.9 mm) for an L/D ratio of 8. The capacity of pelleting used was , 13, 227, 513 IU; vitamin D3, 3, 968, 253 IU; vitamin E, 66, 137 IU; vitamin B12, 39.6 mg; riboflavin, 13, 227 mg; niacin, 110, 229 mg; 22, 045 mg; menadione, 3, 968 mg; folic acid, 2, 204 mg; vitamin B6, 7, 936 mg; thiamine, 3, 968 mg; biotin, 253.5 mg. 4 Quantum Blue 5G R at 0.176 lbs/ton (80 g/ton) to provide 500 FYT (AB Vista) delivering 0.13% of available P, 0.06% of calcium and 0.03% of sodium.
5 CreAMINO R : Guanidinoacetic acid (GAA) with 96% of concentration, Lot numbers: 3/29/16, 9/26/16. 2 to 5 ton/hour (2,000 to 5,000 kg per hour) to improve pellet quality. Representative samples of each final dietary treatment were collected after crumbling (starter) or pelleting process, to analyze creatine, and GAA content according to the IC method (CRL Feed Additives, 2007) , and fully validated procedures (Dobenecker and Braun, 2015) by AlzChem AG, Trostberg, Germany (Table 3) . For each one of the dietary phases 0.85, 2.90, and 2.48 kg of starter, grower and finisher, respectively, were offered for each bird alive during each phase. The withdrawal diet was offered ad libitum. Water was provided for ad libitum consumption. Feeders were shaken twice daily to stimulate uniform feed intake.
Live Performance and Blood Collection
Group BW was obtained at 0, 14, 35, 48, and 55 d of age. Feed intake, BW gain, and feed conversion ratio (FCR) were calculated at the end of each phase. Mortality was monitored and recorded twice daily. At 55 d, individual BW were obtained to calculate flock uniformity using the CV%. One broiler per pen was randomly selected to collect blood samples from nonfasting chickens. These samples were obtained from the brachial vein into plain, heparinized or EDTA containing tubes for hematologic profile with differential for white blood cells count (WBC), red blood cells count (RBC), hemoglobin concentration (HGB), hematocrit (HCT), mean cell volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), count of heterophils, thrombocytes, monocytes, lymphocytes, T-cell, B-cell. Differential blood count analysis (thrombocytes, heterophils, monocytes, lymphocytes, T-cells, and B-cells) was performed by LMU Ludwig-Maximilians University Laboratory in Munich, Germany, as described by Seliger et al. (2012) using a BD FACS Canto II instrument (Becton Dickinson, Heidelberg, Germany) for cell counting and BD FACS DIVA and FlowJo (Tree Star Inc., OR, USA) software for data analysis. For clinical hematology analysis and red blood cell count, samples were submitted to a commercial laboratory (Synlab Vet Laboratory, Cologne, Germany), to analyze erythrocytes, hemoglobin, hematocrit, MCV, MCH, and MCHC, using flow cytometry (FCM), and AD-VIA 2120 analyzer from Siemens (Siemens, Deutschland GmbH, Hamburg, Germany). Serum enzyme activity of creatine kinase (CK), alanine aminotransferase (ALT), aspartate aminotransferase (AST), gammaglutamyl transpeptidase (GGT) and lactate dehydrogenase (LDH) were analyzed, as well as glucose, uric acid, minerals (phosphorus, calcium, sodium, potassium, and chloride), total protein, albumin, and cholesterol were also analyzed at North Carolina State University, College of Veterinary Medicine Diagnostic Laboratory (Raleigh, NC, USA). Serum [creatine, creatinine, and GAA] and homocysteine in plasma were analyzed using standardized procedures (Baylor University, Houston, TX).
Selection of Birds for Processing
At 55 d, individual and group BW were obtained, and the average for each pen was calculated. Four broilers (including the selected for blood collection) per pen were selected with BW within two standard deviations above or under their corresponding average for each pen.
Carcass and Cut up Yields
At 56 d, feed was withdrawn for 12-h. Broilers were slaughtered at the NCSU pilot processing plant. Broilers were weighed, electrically stunned for 11 s, killed by exsanguination, and allowed to bleed for 90 s. Broilers were then scalded at 55
• C for 90 s, picked for 30 s, and manually eviscerated. Carcasses were dressed by removing liver, gizzard, heart, oil gland, crop, proventriculus, lungs, and viscera. Carcasses were then airchilled for six h, and manually deboned on stationary cones. Parts of the leg quarters, breast fillets (Pectoralis major), breast tenders (Pectoralis minor), wings, and rack with skin were obtained and weighed. The carcass yield was calculated for the chilled carcass as a percentage of the fasted live BW. Cut up yields were expressed as a percentage of the chilled absolute carcass BW.
Meat Quality Evaluation
To determine drip loss, the right Pectoralis major muscle was weighed six h post-mortem and immediately placed in a plastic bag, hung from a hook, and stored between 4-6
• C for 24 h. After hanging, the sample was gently wiped with paper and weighed again. The difference in weight corresponded to the drip loss and was expressed as the percentage of the initial muscle weight. For cook loss, the left breast fillets (Pectoralis major) were weighed 24 h postmortem, placed on grilledaluminum trays, and cooked in a forced air oven (SilverStar Southbend, Model SLES/10sc, gas type, NC, USA). Fillets were cooked to an internal temperature of 75
• C (approximately 35 min), as measured by a Therma Plus thermocouple with a 10-cm needle temperature probe (ThermoWorks Model 221-071, UT, USA). The cooked fillets were cooled to room temperature, wiped gently with paper and re-weighed to determine cook yield as a percentage of the cooked weight relative to the raw weight.
Shear force (kg) of cooked breast fillets samples was determined using a Warner-Bratzler shear device (Warner-Bratzler meat shear, Bodine Electric Company, Chicago, USA). Two samples per breast fillets (2 × 2 × 2 cm 3 ) were sheared in a direction perpendicular to the muscle fibers. The maximum force measured when cutting the samples was expressed in kg force.
Postmortem pH (t = 1, 6 and 24 h) was measured after skin was removed from Pectoralis major muscle samples using a portable pH meter (Oakton waterproof pH Tester 30). Color was measured on skinless Pectoralis major samples by the CIE L * (lightness), a * (redness), and b * (yellowness) system using a Minolta Chroma Meter CR-400 (Konica Minolta Sensing, Inc., Japan). A measuring area of 10 mm and illuminant D65 and 2
• standard observer were used. The colorimeter was calibrated using a white tile (reference number 13033071; Y = 93.9, x = 0.3156, y = 0.3318).
Pectoral Myopathies
Skinless Pectoralis major muscle samples were visually evaluated to determine pectoral myopathies (spaghetti muscle, WB and WS) severity. The evaluation was performed by two experts in the field (College of Veterinary Medicine, North Carolina State University). Spaghetti muscle was recorded as presence or absence of this abnormality, whereas WS and WB were scored based on severity. The WB severity was based on a four-point scale as described by Tijare et al. (2016) . Fillets samples were manually palpated and determined a score of 1 as a normal fillet with no WB signs, score 2 was considered a low severity, score 3 a medium, and score 4 as severe. The WS severity was scored with the scale used by Kuttappan et al. (2012c) which considered a three-point based scale of severity. Score 1 described a breast fillet with no white striations on the surface. Score 2 were the fillets with white striations less than 1 mm of thickness and easily observed in the surface, and score 3 was represented by the white striation more than 1 mm of thickness. In addition, the probability distribution for myopathies (WB and WS) scores was analyzed.
Statistical Analysis
Data were analyzed as completely randomized block design with a 2 × 2 factorial arrangement of treatments with the inclusion of PBP (0 vs. 5%), and GAA supplementation (0 vs. 0.06%) as main effects to have a total of four treatments. Each treatment respectively had 16 replicates distributed equally in four blocks (location of pens within the house) that were considered random effect. Data was analyzed in JMP 12 (SAS Institute. Inc., Cary, NC, 2016) using ANOVA in a mixed model. Differences between means were separated by the LS means method using Tukey's or t-student test at a level of significance of alpha = 0.05. Additional to this, for blood, carcass and cut up yields, meat quality and pectoral myopathies results, individual broiler's data from the same pen were nested inside every corresponding treatment and considered as random effect. Cutter was also included in the model as random effect for carcass and cut up yields. Data of scores probability distribution for WB and WS were analyzed using GLIMMIX (SAS Institute, 2008) .
RESULTS AND DISCUSSION
Diets and Live Performance
The analysis of GAA, and creatine are shown in Table 3 . The GAA results showed slight differences on concentrations compared to the intended dose (600 mg/kg). The concentration of CreAMINO R in feed was calculated according to the standard concentration of GAA (CreAMINO R , GAA, 96% min, AlzChem AG, Trostberg, Germany) in the product. As expected, low or absence of creatine was obtained in all the dietary treatments (Table 3 ). Creatine analysis of PBP indicated a concentration of 156 mg/kg that did not affect final dietary concentration of creatine. Analyzed total amino acid and crude protein content were similar to formulated values and these are presented in Table 2 .
No interaction (P > 0.05) effects of treatments were observed on BW, BW gain, feed intake, and FCR in any of the phases evaluated (Table 4) . Feed intake was not affected (P > 0.05) by PBP inclusion in the diet nor GAA addition throughout the whole experiment. At 0-14, 0-48 and 0-55 d, dietary inclusion of PBP decreased (P < 0.05) BW and BW gain. Broilers fed diets without PBP were heavier and gained more weight than broilers that were fed diets with PBP. The FCR was not affected (P > 0.05) by PBP or GAA at 0-14d (data not shown) and 0-35 d. However, at 0-48 and 0-55 d, FCR was improved (P < 0.01) up to two points by GAA supplementation regardless of the inclusion of PBP in the diet. At these ages, broilers fed diets with PBP had worse (P < 0.05) FCR than broilers fed diets without PBP. Diets without PBP and with GAA supplementation had slightly worse (P < 0.05) flock uniformity with higher CV% of individual BW. Total mortality was not affected (P > 0.05) by PBP inclusion or GAA supplementation throughout the experiment with no mortality in some pens. In general, overall average mortality rates per pen was close to 8% up to 55d including culled birds due to leg problems.
Previous studies (Escalona and Pesti, 1987; Caires et al., 2010) concluded that PBP dietary inclusion did not affect live performance when including up to 5% in broiler diets. In the present experiment, the dietary inclusion of PBP resulted in reduced live performance. This result was unexpected, since the physical evaluation and laboratory analyses of nutrient content resulted in normal bromatological characteristics of this feed ingredient with no microbiological contamination. A possible over-estimation of digestible amino acid content in this feed ingredient may explain the observed response on live performance. Moreover, results reported by Michiels et al. (2012) suggested that no improvements on broiler live performance were observed when GAA supplemented diets were compared with a positive control diet containing fish meal. Conversely, Lemme et al (2011) concluded that dietary GAA improved live performance in diets containing fish meal. The present study confirmed that GAA at a level of 0.06% can effectively improve FCR and BW gain in diets containing animal meals, in this case PBP. Previous research validated the efficacy of dietary GAA inclusion on improving live performance in chickens that were fed diets containing only vegetable ingredients Ringel et al., 2007; Costrel et al., 2009; Michiels et al., 2012; DeGroot, 2014) , as well as in arginine-deficient diets in young chicks due to the sparing effect of GAA on Arg (Savage and O´Dell, 1960; Dilger et al., 2013; DeGroot, 2014; DeGroot et al., 2015) . Therefore, dietary GAA supplementation improved live performance even in cases where Arg supply in feed was deficient. Results observed in the present study suggested that dietary GAA improved live performance regardless of the inclusion of PBP in the diet.
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Carcass Yield and Cut up Parts
Dietary PBP and GAA showed interaction effects (P < 0.05) on Pectoralis major and breast meat yield. GAA supplementation improved Pectoralis major and breast meat yield only in diets containing PBP (Table 5) . Broilers fed diets containing PBP and supplemented with GAA had higher (P < 0.05) yields compared to broilers fed non-supplemented diets with PBP. Carcass, wings, and leg quarters yields were not affected (P > 0.05) either by dietary PBP or GAA. Caires et al. (2010) observed no differences (P > 0.05) on carcass and breast meat yields when corn-soybean meal diets were compared to diets containing PBP (5%). Michiels et al. (2012) observed improvements (P < 0.05) on breast meat yield by up to 1.04-fold when GAA was added (0.06% and 1.2%) in corn-based diets. However, when treatments were compared with a positive control containing fish meal, this effect was not observed (P > 0.05). Interestingly, in the current trial the dietary GAA supplementation improved breast meat yield only in diets containing PBP.
Meat Quality
Generally, meat quality was not affected either (P > 0.05) by dietary PBP or GAA, except for an interaction effect (P < 0.05) observed on cook loss, and an effect on the b * (yellowness) value due to PBP inclusion in the diet. Broilers fed diets with PBP and not supplemented with GAA had the lowest (P < 0.05) cook loss (Table 6 ). Broilers fed diets with PBP had higher (P < 0.05) b * value than the ones fed diets without PBP (10.06 vs. 9.27). Fletcher et al. (2000) concluded that the ultimate pH of normal chicken breast meat ranges between 5.7 and 5.96. No differences (P > 0.05) due to treatments were observed in the present experiment and (3 = severe; 2 = medium; 1 = low) 3 (4 = severe; 3 = medium; 2 = low; 1 = normal) results indicated that ultimate pH ranged from 5.99 to 6.03. Michiels et al. (2012) also did not observed effects of GAA supplementation on postmortem pH, shear force, and a * value in diets containing fish meal.
--------------P -values ----------------
Generally, our measurements of shear force (WarnerBratzler) ranged from 42.2 to 43.8 N (4.30 to 4.47 kg), which are values that can be considered as "moderately to slightly tender" category based on Lyon and Lyon (1991) sensory ranges. In addition, Poole et al. (1999) found that broilers around 56 d of age should have an average value of shear force (Warner-Bratzler) of about 4.64 kg ± 0.18 kg. They suggested that breast fillets in the scale from 3.46 to 6.41 kg are considered "moderate tender" which are similar values to the ones observed in the current experiment. Fletcher (2002) reported that differences in tenderness depend on age of the chickens and can be due to the fact that heavier broilers are more mature at the time of harvest and have more cross-linking of collagen. Therefore, results of our experiment suggested that the values of shear force obtained were related to age of the chickens at processing.
Results obtained in b * value of the study herein could be explained by the level of inclusion of corn in the diet, and the theoretically carotenoid content in PBP (Sajilata et al., 2008) . All experimental diets containing PBP had higher inclusion of corn, compared to diets that did not contain PBP throughout the whole experiment. Consequently, they contained a greater content of carotenoids in the feed that might have been deposited later in breast muscle. Interaction effect of dietary PBP and GAA supplementation on probability distribution (0.00 -1.00) for each wooden breast severity score in Ross-708 male broilers at 56 d of age. Means not sharing a common superscript (a-b) are significantly different (P < 0.05) by Tukey's test. Each value represents the probability (0.0 -1.0) of developing each severity score according to main factors or factorial arrangement of treatments, n = 52 within 16 replicates per treatment combination. Scores are based on a 4-point scale (4 = severe, 3 = medium, 2 = low, 1 = normal).
Pectoral Myopathies
The occurrence (presence or absence) of "spaghetti muscle" was evaluated, but not enough breast fillets were affected with this myopathy to have enough replicates for statistical analysis. The WS and WB overall average scores were not affected (P > 0.05) either by dietary PBP inclusion or GAA supplementation (Table 6). However, an interaction effect (P < 0.05) was detected on the probability score distribution (Figure 1 ) for WB score 2 (low severity). In diets without PBP, the supplementation with GAA increased the probability of having WB score 2 up to two fold compared to samples from broilers fed non supplemented diets. This response is explained mainly by the reduction of score 3 due to GAA supplementation in diets without PBP. Additionally, in diets containing PBP the probability for WB score 2 was not different between treatments. No effects (P > 0.05) due to PBP inclusion or GAA supplementation were observed on the probability distribution for WS myopathy.
According to Kuttappan et al. (2017) , pH of breast meat affected with either WS, WB or both, presented higher (>6.04), ultimate pH values compared to samples without signs of these abnormalities. Khan (1974) concluded that meat pH is determined by muscle glycogen content and its degradation rate. Mudalal et al. (2014) suggested that GAA supplementation could avoid glycogen depletion and improve meat quality. Recently, Majdeddin et al. (2017) showed that higher phosphocreatine, creatine and glycogen concentrations in breast muscle of broilers were observed with supplementation of GAA (0.06 and 0.12%). Consequently, our results on WB may be a response driven by phosphocreatine and creatine more than by glycogen since no changes on ultimate pH were observed.
Previous studies Michiels et al., 2012; DeGroot, 2014) showed that GAA supplementation increased the concentration of creatine in breast muscle. Intramuscular phospho-creatine can attract water into the muscle cell and increase the cell volume (Hultman et al., 1996) . Haussinger (1996) found that a super-hydrated muscle may trigger protein synthesis, minimize protein breakdown, and increase glycogen synthesis. Our results may be explained by the protective effects of creatine found in muscle energy metabolism as reported in previous studies in humans (Balsom et al., 1994) , rats (Kolling and Wyse, 2010; Kolling et al., 2013; Nabuurs et al., 2013) with muscle dystrophies (Pearlman and Fielding, 2006; Chung et al., 2007; Tarnopolsky, 2007) . Nabuurs et al. (2013) concluded that muscular dystrophy could be reversed in rats by dietary supplementation of creatine. Kolling et al. (2013) suggested that the effect of creatine and its interaction with homocysteine altered glucose oxidation and protected muscle from energy imbalances in rats. It has been demonstrated that alterations in energy metabolism seem to be implicated in the pathogenesis of several muscle and neurological complications, metabolic disorders, aging and neuromuscular diseases including WB in broilers (Abasht et al., 2016) . Therefore, the supplementation with GAA as a precursor of creatine could reduce the WB severity by supplying enough creatine avoiding glycogen depletion and consequently preventing muscle damage.
Blood Analysis
Blood results (Table 7) showed interaction effects (P < 0.05) of treatments only on GAA (Table 8) and MCV (Table 9 ) serum concentration. Broilers fed diets containing PBP without GAA supplementation had the lowest (P < 0.05) MCV serum concentration. Serum GAA concentration of broilers fed diets with PBP and GAA addition were 12.4 times higher (P < 0.05) than chickens fed non-supplemented diets. Broilers fed diets without PBP and GAA dietary supplementation increased the blood GAA up to 10 times compared to chickens fed non-supplemented diets. These results confirmed effective GAA uptake and metabolism independently of PBP inclusion. Hematological results (Table 9 ) of blood cells count were not affected (P > 0.05) by PBP inclusion nor GAA supplementation. Serum cholesterol concentration (Table 7) in broilers fed diets with PBP (140.34 mg/dl) was higher (P = 0.05) than chickens fed diets without PBP (133.15 mg/dl). On the other hand, other blood (Tables 7, 8 , and 9) parameters (albumin, protein, glucose, uric acid, HBE, MCH, homocysteine), minerals (P, Ca, Na, K, Cl), and hepatic enzymes (ALT, AST, GGT, LD, CK) were not affected (P > 0.05) either by PBP inclusion in the diet or GAA supplementation. However, trends presented in Tables 7, 8 and 9 were observed on serum concentration of glucose (P = 0.06), chloride (P = 0.079), erythrocytes (P = 0.058), and hematocrit (P = 0.063) due to dietary PBP inclusion, and a trend in GGT (P = 0.069) attributed to GAA supplementation was found. Creatine serum concentration was higher (P < 0.01) in broilers fed supplemented diets than chickens fed non-supplemented diets (65.87 vs. 41.46 μM) due to dietary GAA. Moreover, broilers fed diets containing PBP had higher (P < 0.01) serum creatinine concentration compared to broilers fed diets without PBP (0.79 vs. 0.36 μg/ml). Zhang et al. (2017) reported that certain values in hematology may be affected by dietary GAA depending on dose and diet composition. DeGroot (2014) found no effects on blood cell count (leukocytes, heterophils, lymphocytes, monocytes, eosinophils, basophils), and only changes on differential cell proportions in heterophils and lymphocytes due to GAA supplementation in broilers fed both arginine-deficient and arginineadequate diets. Previous trials (Tossenberger et al., 2016) showed that serum protein, albumin, cholesterol, glucose, urea, uric acid and enzymes ALT, AST, and GGT remained essentially unchanged (P > 0.05) even when dietary GAA inclusion was up to 0.6%. Likewise, Michiels et al. (2012) found no differences on serum glucose and uric acid in broilers fed corn-based diets without fish-meal and raised up to 26 d. According to DeGroot (2014), no differences (P > 0.05) attributed to GAA supplementation were detected on AST, CK and mineral (Ca, P) serum concentrations. In the experiment here in, the supplementation with GAA only increased GAA and creatine serum concentrations. Consequently, our results are in agreement with previous reports. Abasht et al. (2016) reported higher levels of gammaglutamyl amino acid catabolite 5-oxoproline in tissue of samples affected by WB up to 1.57-fold as compared to unaffected samples. This suggests the import of extracellular glutathione that together with other biomarkers indicated muscle degradation and oxidative stress. Considering our findings, we may hypothesize that GAA reduced WB severity and the lower GGT serum blood level is related to this effect, despite of no effects on CK. Similar to our findings, DeGroot (2014) found that dietary GAA increased (P < 0.01) creatine and GAA serum concentration. Petracci et al. (2015) discussed that the presence of pectoral myopathies may be related by an increased concentration of CK and LDH. Although, reductions in WB severity were observed in the present experiment, no effects on serum concentration of these enzymes were detected due to GAA supplementation or PBP inclusion.
This study showed generally no difference in endpoints determined in blood other than GAA and creatine which is expected. Furthermore, our findings provide evidence that dietary GAA supplementation improved broiler live performance up to 55 d, independently of PBP inclusion in the diets. The dietary inclusion of GAA also increased breast meat yield in broilers fed diets containing PBP and alleviated WB severity by increasing score 2 incidence on broilers fed diets without PBP, which could be associated with the metabolic effects of GAA and creatine in the muscle. Table 9 . Effect of supplementation of guanidinoacetic acid (GAA) in diets with or without poultry by-products for Ross 708 broilers on hematological parameters at 55 d. Results calculated. LMU Ludwig-Maximilians University Laboratory in Munich, Germany, and Synlab Vet Laboratory, Cologne, Germany.
